This review covers the phytochemical, biological properties, and synthesis of naturally occurring homoisoflavonoids. Homoisoflavonoids are a very important class of secondary metabolites whose numbers have grown from 20 in 1981 to 157 at the present time. They are found to occur in seven plant families. For the purpose of this review they are classified into five groups: 3-benzylchroman-4-ones, 3-benzylflavans, Δ 3,9 and Δ 2,3 3-benzylchroman-4-ones, benzocyclobutenes (scillascillins) and rearranged homoisoflavonoids (brazilin and related compounds). Biosynthetically, the 3-benzylchroman-4-ones and the 3-hydroxy-derivatives have been shown to arise from a chalcone precursor (sappanchalcone) and there is strong evidence that this isolable intermediate can be converted into the diverse structures such as the benzocyclobutenes (scillascillins) and the rearranged, brazilin-type compounds. Homoisoflavonoids possess a wide range of biological activities, including, antimicrobial, antimutagenic, anti-inflammatory, antidiabetic, etc, properties. The review also surveys the chemical synthesis of natural homoisoflavonoids. Analytical methods for the determination of these important metabolites are also reviewed. The last section is devoted to a brief review of the diagnostic NMR spectroscopic features of homoisoflavonoids. A comprehensive Table has also been compiled listing all known metabolites, their sources, melting points and optical rotation values (where available) and references.
Eucomin (8) and eucomol (71) were the first 3-benzylidene-, and 3-benzyl-3-hydroxy-chroman-4ones to be isolated from natural sources. They were isolated by Böhler and Tamm [1] from Eucomis bicolor BAK (Hyacinthaceae) as a new class of natural compounds and were named homoisoflavones. The term homoisoflavone was considered inappropriate by Farkas et al [2] as these compounds are not derived from isoflavones by insertion of a one carbon unit, and in contrast to isoflavones contain dihydropyrone rings. Despite the inaccuracy, the name homoisoflavone has continued to be used widely. A 1981 review by Heller and Tamm [3] of homoisoflavones contained 20 compounds 1 isolated from natural sources. The review also described the spectroscopic properties (UV-Vis, IR, NMR and MS), the chemical transformations and synthesis, biosynthesis, biological activity and chemotaxonomic aspects. It also includes two compounds, brazilin (142) and haematoxylin (143) which appear to arise by rearrangement of the homoisoflavonoid carbon skeleton. These two compounds were known since the early part of the last century, (i.e. before Böhler and Tamm [1] reported eucomin (8) and eucomol (71) from Eucomis bicolor as the first members of the homoisoflavonoid class of compounds), but they were thought to belong to the neo-flavonoid class of compounds, a view that has changed since the discovery of the homoisoflavones. Since then, one rather limited review on the chemistry, bioactivity and ethnobotany of Southern African Hyacinthaceae appeared in 2000 [4] covering 34 homoisoflavones together with other classes of metabolites found in this family of plants. Since the 1981 review [3] many more homoisoflavonoids have been characterized bringing the total to 157. In the present review attempts have been made to go over all publications since 1981, and 
Distribution of homoisoflavonoids
Homoisoflavonoids were first assumed to be confined to the Liliaceae family. However, this family has been revised and reclassified into ten smaller families and this class of compounds is found to occur in five of these families and the totally unrelated families of the Leguminosae and Polygonaceae. The majority of the natural homoisoflavonoids occur in one of the ten families of the Liliaceae, namely the Hyacinthaceae. As can be seen from Table 1 , 102 homoisoflavonoids occur in 13 genera of the Hyacinthaceae. Leguminosae and Convallariaceae coming as distant second and third with 39 and 31 homoisoflavonoids reported from each, respectively.
The most widespread homoisoflavone is 3-(4hydroxybenzyl)-5,7-dihydroxy-6-methoxychroman-4-one (15) which occurs in five genera Eucomis [5] , Scilla [6, 7] , Muscari [8, 9] , Chionodoxa [10] and Ledebouria [11, 12] , in the family Hyacinthaceae.
Classification of homoisoflavonoids
For the purpose of this review and to make the compiled Table (Table 3 ) more useful, homoisoflavonoids may be classified into five major groups depending on the variations in their carbon framework and also taking biogenetic possibilities into consideration. The first group (see Chart 1, A) consists of the 3-benzyl-chroman-4-ones, to which the great majority of the natural homoisoflavonoids (78 out of 157) belong. The 3-, and recently discovered 9-hydroxyderivatives (Chart 1, A (iii)) are also included in this class and may be considered as precursors of the Δ 3,9 and Δ 2,3 unsaturated derivatives that fall in group C. The second group, B, consists of the homoisoflavans with 14 such compounds reported so far. The hydroxylation patterns shown in the pyran ring (C) lead to a variety of stereoisomers and in most cases have been the subject of absolute configuration studies. Group C consists of the 3-benzylidenechroman-4-ones which occur as E and Z geometric isomers (Chart 1, C (i) and (ii)). The E isomers are more common. The first examples of the type C (iii) homoisoflavonoids were reported by Tada et al [13] from Ophiopogon japonics Ker-Gawler var. genuinus Maxim. These Δ 2,3 -derivatives amount to slightly less than half of those classified in group C (16 out of 38) and are almost exclusively found in the genus Ophiopogon. The most intriguing and unique are the benzocyclobutene group known as the scillascillins and these are placed in group D. Group E is an aggregate of compounds arising by rearrangement of the appropriately functionalized 3-benzyl-3-hydroxychroman-4-ones. The two key members of this group are brazilin (142) and haematoxylin (143), which were the only two compounds known during the last review of homoisoflavonoids [3] .
3-Benzylchroman-4-ones (homoisoflavanones)
There are 78 compounds isolated from natural sources belonging to the title class of compounds. The diversity in oxidation levels and sites within the given framework is striking. [17] . Absence of a hydroxyl function at C-5 is noted in a few compounds and these belong to different genera, notably, Caesalpinia (2, 3, 4 [18, 19] ) Dracaena (1 [20] ), Ophiopogon japonicus (62, [16] ) Glycyrrhiza pallidiflora (63, [21] ), Chlorophytum inorantum (12, [22] ) and Pterocarpus marsupium (34, [23] ).
The 3-hydroxy-3-benzyl-4-chromanones (e.g. 66) are considered to be biosynthetic precursors of the unsaturated members of the class of compounds referred to as 3-benzylidene-4-chromanones (homoisoflavones) and 3-benzyl-4-chromenones. As was observed earlier, those from Caesalpinia lack oxygenation at C-5 whereas the Hyacinthaceae metabolites have 5,7-oxygenations.
Only three glycosidic compounds (76, 77 and 78) have been reported so far and these belong to the 3-benzylchroman-4-one group. All three glycosides have sugars attached to the 5-OH group and were reported from Ornithogalum caudatum by Tang et al [24] .
3-Benzylflavans
There are only 14 compounds belonging to this group (Table 3B ). The two genera, Dracaena and Caesalpinia, are the major sources for this group of compounds, yielding from the simplest dihydroxy derivative, 7-4′-dihydroxyflavan (79) [20] , to the most unusual one (92) [25] having a 1,3diphenylpropane substituent at position 6. A further interesting feature of the Caesalpinia metabolism is the production of homoisoflavan-3,4-diols (3-benzyl-3,4-dihydroxychromans). Seven such compounds (85) (86) (87) (88) (89) (90) (91) have been reported to date and all of them were found in two species of one genus, C. sappan and C. japonica [18, 26a, 26b, 26d] . These are the unsaturated analogs of the 3-benzylchroman-4-ones discussed earlier. The most common ones are the Δ 3,9 -unsaturated derivatives, which are referred to as 3-benzylidenechroman-4ones. The geometry about this double bond may be E-or Z. The overwhelming majority of the natural 3-benzylidenechroman-4-ones occur as the E-isomer, although a few Z-isomers have been reported from a few plants. (Z)-eucomin (98) has been reported as a genuine natural product from Eucomis bicolor [28] .
A key feature for the identification of these isomers lies in the 1 H NMR spectra, which show the H-9 proton at ca δ 7.6 and 6.6 for the E and Z isomers, respectively. Isobonducellin (95), the Z-isomer of bonducellin (94) was reported from C. pulcherrima by Srinivas in 2003 [29] .
Isomerization to 3-benzylchromone by migration of the exocyclic double bond into the pyrone ring is possible but requires drastic conditions and is irreversible. E-Z isomerization can be achieved photochemically in benzene during 4 hours yielding 3-54% of isomerized products [30, 31] . Chemically, this can be achieved by treatment with potassium tert butyrate, rhodium trichloride or Raney Nickel [1, 33] .
To date, twenty two compounds belonging to the ∆ 3,9 group and 16 members of the ∆ 2,3 class have been reported. The ∆ 3,9 unsaturated compounds are fairly widespread among the legumes (C. pulcherrima and C. sappan), Hoffmanosseggia intricata and the Hyacinthaceae (Eucomis, Scilla, Muscari, Chionodoxa and Bellevalia). The ∆ 2,3 -unsaturated homoisoflavones are confined to the Hyacinthaceae, and even then to the genera Ophiopogon (14 compounds), Dracaena draco and Lachenalia rubida each yield one compound. [20] , [36] and Disporopsis aspera (45) [17] Polygonatum alte-lobatum [35] and Disporopsis aspera [17] (compound 53). One or two methyl substituents are found and their location is confined to C-6 and or C-8 of ring A only. Oxidation of a methyl group to an aldehyde does occur and there are five such compounds reported so far. Three of them (two from O. ohwii [14] and one from O. japonicus [16, 34] have a carboxaldehyde group at C-6 and a methyl group at C-8. On the other hand, two compounds have been reported from O. japonicus which contain the aldehyde group at C-8 and a methyl group at C-6 [15] . The foregoing observations may lead to the speculation that the biogenesis of these aldehydes follows the sequence shown in Scheme 1. 
C-methylated homoisoflavonoids

Scillascillins
This is the smallest group with only eleven metabolites known from six genera (Chionodoxa, Drimiopsis, Eucomis, Ledebouria, Muscari and Scilla). Oxygenation at the 5-, and 7-positions is observed in all cases. Oxygenation at the 2-position is extremely rare for all the known homoisoflavonoids, with two (139, 140) of the three known cases found in this group [6, 10] , while the only other compound (65) occurs in Ophiopogon japonicus [16] among the 3-benzylchroman-4-ones. 
Rearranged homoisoflavonoids (Brazilin and related compounds)
According to Harborne and Baxter [37] the isolation of brazilin (142), and haematoxylin (143) dates back to 1929 and 1908, respectively. These rather unusual compounds were considered as neo-flavonoids, until the homoisoflavonoids were discovered in 1967 and subsequently, Dewick reported the results of his biosynthetic studies and also speculated on how brazilin (142) and haematoxylin (143) may arise from homoisoflavonoid precursors. The 1981 review by Heller and Tamm [3] included them as the only two compounds discussed under the title of structurally and biogenetically related compounds. Meanwhile, the number of such compounds has now increased and at the time of writing this review, it has reached seventeen, and 15 of them have been identified from the heartwood of the oriental drug Sappan Lignum, Caesalpinia sappan [18,26a,26c,38-40,41a-d] . The other sources are the Thai medicinal plant Dracaena loureiri [42] , and Haematoxylon campechianum [37] . There is now increasing evidence relating the biogenetic relationship of this group of compounds to the simple homoisoflavonoids. The importance of sappanchalcone as the biogenetic precursor of homoisoflavonoids has been unequivocally established by the eminent feeding experiments conducted by Dewick [43] , where he also provided a mechanistic speculation of how the same precursor may be converted to brazilin (142) and haematoxylin (143) (see Scheme 2) . Furthermore, support for this proposal has since been obtained by reports which reveal the co-occurrence of sappanchalcone in Caesalpinia sappan. More importantly, the work of Saitoh et al [18] 
Absolute configuration and stereochemistry
The Heller and Tamm review [3] had very little content on absolute configurations of homoisoflavones as very little advances had been made in this regard at that time. The review reported that three compounds, eucomol (71), and scillascillins 137 and 140 had been subjected to X-ray analysis. Work on the 7-O-(p-bromophenacyl) derivative of 71 led to the determination of its absolute configuration at C-3 as S, a finding which reversed earlier suggestions made based on CD/ORD measurements [44] . The review also stated that the absolute configurations of 137 and 140 could not be determined with certainty since heavy atoms were not introduced in the X-ray investigation of these compounds. X-ray diffraction structural studies on the basic 3-benzylidene-4-chromanone structure and reported bond angles and distances were published by Katrusiak et al [45] .
In 1988, Adinolfi and coworkers used the exiton chirality method to determine the absolute configuration at C-3 of homoisoflavones from Muscari species [46d]. The approach involved the reduction of the 4-keto group of compounds 15, 17, 20 and 32 to the corresponding carbinol and then employ the exiton coupling method to a 4,5-di-p-bromobenzoate derivative, and finally, the determination of the configuration at C-3 relative to C-4 by 1 H NMR analysis.
This led to the determination of the C-3 configuration to be R for all the compounds.
These authors considered the possibility of applying Horeau′s method to the initial reduction products, but did not pursue this line due to the uncertainty in classifying the phenyl group as "medium" or "large" in the presence of substituents at positions 5 and 8. The majority of 3-benzyl-4chromanones, for which the optical rotations have been measured, are levorotatory including those deduced by Adinolfi et al [46d,e] as having R configuration at C-3.
However, a few with dextrorotatory measurements have been reported from Chlorophytum inorantum [22] , Ledebouria graminifolia [12] , Veltheimia viridifolia [47] and Ophiopogon japonica [15] , suggesting that in these cases the compounds may have the S-configuration. Similarly, the trimethyl ether of epi-sappanol (87) was treated with racemic 2-phenylbutanoic anhydride and the acid obtained was dextrorotatory. Therefore, the absolute stereochemistry at C-4 had to be R, and thus epi-sappanol (87) had to be (3R, 4R)-3-(3,4dihydroxybenzyl)-3,3,7-trihydroxychroman. The absolute stereochemistry of 3′-deoxysappanol (85) was deduced from the observed negative cotton effect of the CD curve of its dimethyl ether similar to that of the methyl ether of sappanol (86) . This led to the conclusion that 87 must be (3R, 4S)-3-(4hydroxybenzyl)-3,4,7-trihydroxychroman.
The absolute stereochemistries at C-3 and C-4 for compounds 88 and 89 were likewise determined to be 3R, 4S and 3R, 4R, respectively.
The absolute configurations of brazilin (142) and 3′-O-methylbrazilin (144) were determined as follows [26a] . First, the cis nature of the C/D ring junction and the relative stereochemistry at C-3 and C-4 had been established by synthetic, spectral and chemical evidence. Furthermore, sappanol (86) and epi-sappanol (87) were readily cyclized to brazilin (142) by treatment with catalytic amounts of acid. This led to the determination of the absolute stereochemistry at C-3 and C-4 of brazilin as 3S, 4R. Also 3′-O-methylbrazilin (144, [α] D = +113.2 o ) was methylated to yield a trimethyl derivative whose optical rotatory character was identical to that of a product obtained by methylation of brazilin. Therefore, the absolute stereochemistries at C-3 and C-4 of 3′-O-methylbrazilin 143 are 3S, 4R. 4-O-Methylsappanol, 90, and 4-O-methylepisappanol, 91, were readily converted to (+)-brazilin (142) by heating with acid in methanol (Scheme 3). On methylation with diazomethane both 90 and 91 gave the same trimethyl ether as obtained from brazilin. Thus the absolute configuration at the C-3 position was determined to be R for both compounds. The absolute configuration of sappanone B (68) at C-3 was also deduced to be R, by correlation to brazilin, which was achieved by sodium borohydride reduction which furnished (+)-brazilin [48] . In 1986 Miyahara et al [40] conducted X-ray measurements on the triacetate of caesalpin J (145) isolated from the dried heartwood of Caesalpinia sappan. Although the absolute configuration was not determined, the studies allowed the determination of the cis-stereochemistry at C-13 and C-7. Meskurien et al [42, 49] value of +445º for caesalpin J, the latter is considered to have the opposite absolute configuration to that of 146.
These authors also speculate that the dracaenone structure may arise from 7-hydroxy-3-(3-hydroxy-4methoxy benzyl) chromane by para-para phenolic oxidative coupling to a tetracyclic intermediate followed by a dienone-phenol rearrangement. In support of their hypothesis, they also mention the co-occurrence of the closely related precursor 7-hydroxy-3-(4-hydroxybenzyl) chromane in the same plant. This presumed precursor has so far not been reported. 
Biosynthesis of homoisoflavonoids
Biological activities
Various extracts of the Hyacinthaceae plants Scilla natalensis and Ledebouria ovatifolia were screened for antibacterial, antiinflammatory, antischistosomic, anticancer and anthelmintic activities [51] . Reasonable to good activities were reported. However, no further work has been reported to isolate active metabolites from these plants. There are many reports on the biological activities of homoisoflavonids.
These are described in the following sections.
Antioxidant and antiinflammatory activities:
The antioxidative and 5-lipoxygenase (5-LOX) inhibitory activities 2 of bonducellin (94), its Z-isomer (isobonducellin -95), 2′-methoxy-bonducellin (107) and Sappanone A (96) were reported by Siddaiah et al [31] . Two commonly used antioxidant evaluation methods, super-oxide radical scavenging (NBT method) and the DPPH free radical scavenging methods, were used. In both methods, Sappanone A (96) exhibited excellent antioxidative activity, which was several fold more potent than the commercial antioxidants like Vitamin C, Vitamin E, butylated hydroxytoluene (BHT) and butylated hydroxyanisole (BHA). In the 5-LOX assay, 50 μM concentrations of the four compounds and the standard drug nordihydroguiaretic acid ( [53] evaluated the potential of four homoisoflavans (79, diacetate of 79, 81 and 82) isolated from D. cinnabari for their potential to modulate drug-metabolizing enzymes (inhibition of cytochrome P4501A) and antioxidant (Fe-enhanced in vitro peroxidation of microsomal lipids in C57B1/6 mouse liver), and found that only the methylenedioxy derivative 82 exhibited a strong antioxidant activity comparable to that of quercetin. The others were only weak to moderate inhibitors of the enzyme. DuToit et al [54] screened fifteen homoisoflavonoids for antiinflammatory properties. Inhibition of prostaglandin synthesis in cell microsomal fractions was first evaluated, followed by screening for specific inhibition of isolated cyclooxygenase enzymes (COX-1 and COX-2). Three homoisoflavanones 9, 16, 40 showed significantly high levels of antiinflammatory activity in the microsomal fraction assay. Compounds 5, 15, 73, 132, and 134, showed moderate activity, whilst compounds 13, 28 and 137 showed low activity.
Brazilin (142) is reported to be tasteless while the 8-hydroxyderivative (+)-haematoxylin is a sweet tasting substance with a taste potency of 100x sucrose [55] .
The dried heartwood of Caesalpinia sappan, often referred to as Sappan Lignum, is an important oriental medicine with analgesic and antiinflammatory properties.
There are many pharmacological reports on the extract as well as the phytochemical constitutents of this plant. In 1998, Oh et al [56] reported the anticomplementary activity of the compounds isolated from the heartwood of this plant. Brazilin (142), brazilein 3 , and protosappanin E (151) showed anticomplementary activity on the complement system. Since complement is known to be a major factor in inflammation activation, it was concluded that the anticomplementary compounds could be the main constitutents for the immunomodulating activity of Sappan Lignum [56] . More recently [32] brazilin 142, was investigated for its potential as antiinflammatory agent by evaluating its ability as NO inhibitor or suppressor of inducible nitric oxide synthase (iNOS). The ability of brazilin to modulate NO production and iNOS expression in activated macrophage cells was evaluated. It was found to exhibit the inhibitory effect on lipopolysaccharide (LPS)-stimulated NO production in a dose-dependent manner (IC 50 = 24.3 μM). In addition, brazilin suppressed LPS-induced iNOS protein and mRNA expression in RAW 264.7 macrophage cells, indicating that the inhibitory activity of brazilin possibly involved in the regulation of iNOS expression. The suppression of mRNA expression of iNOS is, at least in part, associated with the inhibition of transcription factors NF-nB and AP-1 activation. Bae et al [32] explained the antiinflammatory effect of the extract of C. sappan and brazilin by the modulation of NO production and iNOS expression as one of contributable mechanisms of action.
Antibacterial, antiviral and antifungal activities:
Activity-guided fractionation of the chloroform extract of the stem wood of the Thai medicinal plant Dracaena loureiri Gagnep yielded several flavonoids including the rare homoisoflavan 79 [49] . However, tests done on the purified compound by the microdilution method against Staphylococcus aureus, Bacillus subtilis, and Escheria coli led to no useful activity ((MIC > 25 0 μg/ml). [29] has reported that isobonducellin (95) is a strong antibacterial substance (at test concentration of 100 μg/ml) against Gram positive bacteria S. aureus, B. subtilis and B. sphaericus. The compound was inactive against Gram-negative bacteria Pseudomonas aeruginosa and Klebisella aerogens.
Srinivas et al
Moderate activity was observed for isobonducellin (95) and the co-occurring bonducellin (94) against the fungi Aspergillus niger, Candida albicans and Rhizopus orysae.
In 2004 Xu and Lee [57] reported that the active antibacterial principle from Caesalpinia sappan was brazilin. They showed that this compound had potent activity against antibiotic-resistant bacteria, notably methicillin-resistant S. aureus (MRSA) and vancomycin-resistant enterococci (VRE), multi-drug resistant Burkholderia cepacia as well as a number of other bacteria. The MIC values ranged from 4 to 32 μg/mL. It was noted that the addition of brazilin to growing MRSA cells resulted in a rapid inhibition of incorporation of [ 3 H] thymidine or [ 3 H] serine into DNA and proteins, respectively. It was also found that exposure of MRSA to a sub-MIC level of brazilin for ten consecutive subcultures did not induce resistance to the compound. These workers [57] also found that brazilin lacked cytotoxicity against Vero cells and concluded that brazilin possessed a good potential to be developed into an antibiotic.
O′Donnell et al [22] Beauveria bassiana is a harmful fungal pathogen which grows on silkworm, Bombyx mori. 4-Omethylsappanol (90) showed good activity against B. bassiana at a concentration of 100 μg/ml, comparable to that of the standard drug Dithane M-45 [58] .
Antimutagenic properties:
The first report of the antimutagenic activity of homoisoflavones was reported by Wall et al [59] . They isolated intricatin (102) and intricatinol (103) from the Mexican plant Hoffmanosseggia intricata.
Both compounds inhibited the mutagenicity of 2-aminoanthracene (2AN), acetylaminofluorene (AAF) and ethyl methane sulfonate (EMS) toward Salmonella typhimurium (T-98). Intricatin (102) was found to be more active than the methyl ether (103) and this was consistent with the observation that hydroxylated flavonoids were generally more active than their methylated analogues. In 2002 Miadokova et al [60] reported that the homoisoflavonoid-rich extracts of Muscari racemosum, containing 111, 112 and 114 showed antimutagenic and anticlastogenic effects. Three genetic test systems employing S. typhimurium (TA97, TA98, TA100 and TA 102), S. cerevisiae (D7) and Vicia sativa were used.
Likewise Urbančíková et al [61] showed that the bulb extract of Muscari racemosum exhibited estrogenic activity by inducing proliferation of MCF7 cells in a dose dependent manner. [62] found that methyl ophiopogonanone B (54) and the aldehyde 59 (isolated from Ophiopogon ohwii) specifically inhibited hypoxia-inducible factor (HIF). Methyl ophiopogonanone B (54) and other flavonoids (isorhamnetin, luteolin and quercetin) were effective at 3-9 μg/ml concentration in inhibiting the reporter activity. These compounds had no inhibitory effect on other reporter systems, and so their effects are thought to be specific to HRE.
Miscellaneous biological properties: Hasebe et al
The most investigated compound among homoisoflavonoids is undoubtedly brazilin (142) which is isolated from Caesalpinia sappan. The extract of the plant as well as brazilin were shown to have dose-dependent vasorelaxation in phenylephrene-precontracted aorta in an endothelium dependent manner [63] . Brazilin has been shown to possess hypoglycemic activity [64, 65] . According to the study done on isolated rat hepatocytes, it is believed to exert hypoglycemic function by inhibiting hepatic gluconeogenesis by the reduced production of cAMP and by inhibiting the downstream signal transduction in hepatocytes. It is suggested that brazilin may prevent autoimmune haloethane hepatitis by modulating altered immune function in the early phases of halothane intoxication [66] . Other activities include inhibition of protein kinase C activity [65] and induction of immunological tolerance [66] .
As part of an effort to screen phenolic compounds as potential Bovine-Lens aldose reductase, Moon et al [67] conducted experiments and determined that brazilin and haematoxylin caused 50% inhibition of the enzyme at concentrations 10 -4 M and 10 -3 M, respectively. 
Synthesis of naturally occurring homoisoflavonoids
Homoisoflavonoids constitute a growing class of naturally occurring polyphenolic compounds exhibiting a wide range of interesting biological activities as already mentioned earlier. The increasing depletion of some plant species, particularly those that are rare, coupled with the uncertainty in some of the reported structures, makes synthesis of these compounds an urgent task to provide sufficient material for further structural proof [13, 23, 67] and for biological testing. Furthermore, concise synthetic methodologies need to be developed for industrial application and also for the preparation of 13 C-labelled precursors for biosynthetic studies of these metabolites.
3-Benzylidine-and 3-benzylchroman-4-ones:
Despite the increasing occurrence of these compounds in nature, very few synthetic methods have been reported. The most common synthetic procedures involve (i) acid or base-catalyzed condensation of 4-chromanones with arylaldehydes leading to the formation of (E)-3benzylidenechroman-4-ones e.g., eucomin (8) [1, 2, 28, 67, 69, 70] and (ii) catalytic hydrogenation of chalcones with subsequent ring closure utilizing CH 3 SO 2 Cl/BF 3 -Et 2 O/DMF or HCO 2 Et/Na, to give 3-benzylchromones such as 5,7-dihydroxy-3-(4hydroxybenzyl)chromone (116, Scheme 5) [2c, [71] [72] [73] . The Z-isomers of 3-benzylidine chromanones are usually obtained by acid catalysis [3] or by irradiation, of the corresponding thermodynamically stable E-isomers, using a high pressure Hg-lamp [1, 31] . The exo Δ 3,9 double bond in 8 may also be transformed to the endo Δ 2,3 (e.g. as in compound 116) bond under very drastic conditions using potassium t-butoxide or palladium catalyst [3] .
Compounds 8 and 116 may easily be converted into corresponding homoisoflavanones, e.g., 11, by catalytic hydrogenation of the Δ 3,9 and Δ 2,3 double bonds [2c,23]. However, a direct one step transformation of 2′-hydroxydihydrochalcones to homoisoflavanones was reported earlier by Makrandi and Grover (using CH 2 I 2 /K 2 CO 3 /acetone, [74] ) and recently by Jaspal and Grover (11, Scheme 5) [75] .
Although the above methods have been applied in the synthesis of several homoisoflavanoids [2c,13,23, 72,73], some reactions result in low to moderate yields, involve tedious purification procedures [70] , and sometimes they are not applicable for certain chromanone derivatives [2b]. On the other hand, for the preparation of 3-benzylchromanones, synthetic procedures necessitate protection of phenolic hydroxyls in order to obtain chalcones in good yields. four steps [31a] via a Baylis-Hillman reaction [76] . The main difference in this synthetic route [i.e., in comparison to previous methods in which the chromanone was prepared by ring closure of 2-hydroxyacetophenone with HCO 2 Et/Na followed by catalytic hydrogenation [1] [2] [3] 28, [68] [69] [70] ] is the formation of the chromanone by reacting an appropriately substituted phenol with 3bromopropionic acid under basic conditions followed by cyclization using polyphosphoric acid. This is then followed by the usual condensation with an arylaldehyde. A further and major improvement is the introduction of solvent-free reaction conditions for the condensation of the chromanone with the benzaldehyde leading to less reaction times, good yields, environmental-friendly, and cost effective processes [31a] .
Another strategy towards the synthesis of 3-benzylidenechroman-4-ones was introduced earlier by Basavaiah et al [76] who first construct the benzylidene moiety followed by the formation of the chromanone, a method contrary to classical literature procedures which initially prepare the chroman-4-one then construct the benzylidene moiety [1] [2] [3] 28, [68] [69] [70] . This technique, which employs Baylis-Hillman adducts, has been used to prepare the methyl ether of bonducellin (94, Scheme 6).
Siddaiah and co-workers have also prepared 3-benzylchromenones e.g., 5,7-dihydroxy-3-[(4hydroxyphenyl)methyl]-4H-chromen-4-one (116) by an efficient, two step route involving Friedel-Crafts acylation of unprotected phenols and dihydrocinnamic acids yielding dihydrochalcones.
Conversion of the latter to 3-benzylchromanones was carried out using DMF/PCl 5 which generates N,N´-dimethyl(chloromethylene)ammonium chloride, in situ, a reagent required for the one carbon extension (Scheme 7, [31b] ). These methods are shorter and result in good yields.
Hydroxy-3-benzylchroman-4-ones
Homoisoflavanoids hydroxylated at C-3 were usually prepared by epoxidation of benzylidinechromanones followed by hydrogenation [2a,2b, 55, 77] or by oxidation of homoisoflavanones with lead tetraacetate [70] . These procedures, however, lead to racemic products. Due to the importance of this class of homoisoflavanones i.e., they possess important biological activities which depend on the absolute configuration at C-3, and they are postulated precursors [3, 18, 77] to several important compounds such as brazilin (142) for eucomols using the Sharpless catalytic asymmetric dihydroxylation procedure. The strategy involves three key steps: asymmetric dihydroxylation of 158, addition of aryllithium to aldehyde (S)-160, and the intramolecular Mitsunobu reaction of 162 resulting in overall yields of 12-21% and 76-93% ee for seven steps from compound 158 (Scheme 8).
Scillascillins:
Although the first scillascillin was discovered as early as 1973 [6] , its total synthesis was only achieved 10 years later by Rawal and Cava [79] . Their procedure involved a Hoesch condensation of nitrile 164 with phloroglucinol giving the hydroxyl ketone 165. Protection with t-butyldimethylsilyl followed by aldol reaction with paraformaldehyde/base resulted in a rearranged product 167 via a silyl transfer involving an 8-membered transition state. Deprotection of 167 and subsequent acid-catalysed dehydration of tetraol 168 yielded the desired racemic scillascillin 137 (Scheme 9). The above method was later modified by Honda and Toya [80] for the preparation of yet another benzocyclobutene, muscosin 133. The key steps were the O-alkylation of the phloroglucinol debenzyl ether followed by intramolecular Friedel-Crafts acylation of 171 affording 172, which upon reductive debenzylation delivered muscosin 133 (Scheme 10). Both of these two methods are short and give good to excellent yields and can thus be applied in the synthesis of other members of this interesting class of benzocyclobutenes.
Rearranged homoisoflavanoids:
The enantioselective method developed by Davis and Chen [73], has been applied in the preparation of tetracyclic analogs such as (+)-O-trimethylbrazilin (175, Scheme 11) and (-)-haematoxylin [55] with very good yields and high enantiomeric purity. Unfortunately, attempts to produce enantiomerically pure (+)-brazilin from 176 by demethylation were [81] .
Separation and Analysis of homoisoflavonoids
Homoisoflavonoids constitute a small but growing class of natural products with a wide range of biological activities. The range of activities they possess can be gleaned from the many increasing papers that have appeared in recent years and these have been summarized in the preceding sections. The development of simple, rapid and reliable methods for the fingerprinting of herbal extracts (such as HPLC-DAD methods) as well as those that offer more exact structural information (such as LC-MS) for the analysis of homoisoflavonoids are therefore of great significance. Only limited progress has been made in these areas and such reports are summarized in this section.
Many homoisoflavnoids have been found in major herbal drugs such as (i) the traditional Chinese drug (Maidong) obtained from the sub-terranean tubers of Ophiopogon japonicus ( [13] , [14] , [82a] ), (ii) the red exudates Dracaena cinnabari, popularly known as dragon's blood 4 with the historical origin in the Yemenese Indian Ocean island of Socotra ( [20] , [25] , [36] , [52] 56, and 59) from fourteen plant specimens of O. japonicus, collected from various locations in China. These authors concluded that the levels of the three compounds varied substantially depending on the source locations. The same group also reported the use of DAD-HPLC and ESI-MS methods for the analysis of homoisoflavonoids isolated from Ophiopogon japonicus Ker-Gawl [83a]. The LC-UV/Vis with LC-DAD offered more specificity than the conventional UV/Vis detection. However, the major limiting factor of the LC-DAD system is still the requirement of a huge collection of standards which is needed for convincing diagnostic characteristization. The use of LC-DAD-ESI-MS n in the negative ion mode therefore enhanced the capacity to determine homoisoflavonoids in this study. 58 and the homoisoflavones 126, 129, 130 . The negative ion mass spectra of the former group of compounds revealed the expected C 3 -C 9 cleavage in the ion trap mass analyzer. The Δ 2,3 homoisoflavones, surprisingly, did not exhibit the expected Diels-Alder cleavage, but rather underwent loss of CO as the first fragmentation process. The only exception to the above observation was 129 with a formyl group at C-6, which underwent loss of CO, followed by loss of a second CO from ring B. The foregoing 'rules' were applied to the analysis of the chloroform extract of O. japonicus, which led to the characterization of a total of 18 flavonoids, including seven new minor constituents.
There is very little information available on the analysis of the other two herbal drugs, namely, dragons's blood and Sappan Lignum, except for a method employing Raman spectroscopic analysis [27] , which has been found useful to assess the quality of dragon's blood and to distinguish between the resins derived from Dracaena and Croton. Separation of racemic and synthetic homoisoflavones using a chiral phase column has been reported [84] .
NMR spectral characterization
The spectroscopic properties of homoisoflavonoids are rather straightforward.
The most reliable methods involve use of NMR and mass spectroscopic investigations. In most cases the protons in the nonaromatic portions of the molecules, i.e. carbons 2, 3, 4 and 9 give characteristic features that allow the identification of the class of homoisoflavonoid. The homoisoflavanones (3-benzylchroman-4-ones) have one 5-proton spin system on carbons 2, 3 and 9, (e.g 5). The homoisoflavans offer a more complex, yet characteristic, 7-proton spin system spread over carbons 2, 3, 4 and 9 (e.g. 79). Table 2 lists the typical spectra of these protons for the various types of homoisoflavonoids.
The ring A of homoisoflavonoids are often di-, and tri-substituted and are, therefore, rather easy to interpret. Ring B has, in most cases, either AA′BB′ type system with an oxygen substituent at the 4′position, or often an ABX system with 3′ and 4′ oxygen substituents. The 1 H and 13 C NMR spectra of brazilin (142) and its derivatives 153 and 154 have been reported [38] . Two papers, devoted entirely to the 13 C NMR data of homoisoflavonoids have appeared. The first is that of Kirkiacharian et al. [33] , but entirely devoted to synthetic and unnatural homoisoflavonoids, consisting of four of 3-benzylidene-4-chromanones, 3-benzyl-4-chromanones, 3-benzyl-3-hydroxyy-4-chromanones, and five 3-benzylchromones. Subsequently in 1986, Adinolfi et al [46c] reported complete assignments for twelve homoisoflavonoids (5, 6, 13, 15, 16, 17, 20, 25, 35,  36, 132 and 156) and have also used the data generated for these compounds to predict the chemical shift of ring A carbons by empirical calculations. The most comprehensive compilation of the 13 C NMR spectra of the homoisoflavonoids is that of Agrawal which lists the complete assignments of 61 compounds [85] .
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